Abstract: Synbindin is one component of Transport protein particle (TRAPP) complexes. In the hippocampal neurons, synbindin binds syndecan-2 by its atypical PDZ domain (APD) and may regulate the formation of dendritic spines. To investigate the interaction of synbindin and syndecan-2, we determined the solution structure of the synbindin APD by NMR. The structure of APD is different from the classical canonical PDZ domains by lacking the typical A helix and the signature sequence Gly--Gly-. These differences indicate that APD may not bind syndecan-2 with the typical binding mode of other PDZ domain proteins. In NMR titration experiments, APD do not bind with the C-terminal TKEFYA peptide of syndecan-2, but can interact with the 32-residue cytoplasmic domain of syndecan-2 very weakly.
INTRODUCTION
Transport protein particle (TRAPP) is a large multiprotein complex that involves in ER-to-Golgi and intra-Golgi traffic, which is found in both yeast and human [1, 2] . In yeast, the BET3p, BET5p, Trs20p, Trs23p, Trs31p, Trs33p, Trs85p is common subunits in TRAPP I and TRAPP II, and Trs65p, Trs120p, Trs130p is additional subunits of TRAPP II. Synbindin is the human orthologue of yeast Trs23p. Although the molecular mechanism governing TRAPPmediated protein transport is still largely unknown, recent structural studies of various components of the TRAPP complex have provided much needed insights into the mode of assembly and possible action mechanism of the TRAPP complexes [3] [4] [5] [6] [7] [8] .
Synbindin was first identified by a yeast two-hybrid screening using the syndecan-2 cytoplasmic domain as bait. In hippocampal neurons, synbindin can associate with the synaptic membrane through direct interaction of its atypical PDZ domain (APD) with Syndecan-2. It was further suggested that syndecan-2 induces spine formation by recruiting intracellular vesicles toward postsynaptic sites through the interaction with synbindin [9] . Syndecan-2 can interact with many PDZ-domain proteins through its C-terminal EFYA motif of syndecan-2, such as syntenin and synectin [10] . This typical binding mode was also suggested to be similar in the interaction of syndecan-2 and synbindin [9] .
To investigate the interaction of synbindin and syndecan-2, we solved the solution structure of the atypical PDZ domain (APD) of synbindin by NMR spectroscopy and titrated the APD with syndecan-2 C-terminal peptides. We found the structure of APD lack some structural elements which are necessary for typical PDZ-domain-peptide interactions. These differences suggest that APD may not bind syndecan-2 with the typical binding mode of other PDZ domain proteins. In NMR titration experiments we found APD do not bind with the C-terminal TKEFYA peptide of syndecan-2, but can interact with the cytoplasmic domain of syndecan-2 very weakly.
MATERIALS AND METHODS

Protein Expression and Purification
The recombined atypical PDZ domain (residues 19-106) was constructed to pET-28 vector with an N terminal His 6 -tag. Protein was expressed in E. coli BL21 (DE3) cells and purified by a Ni-affinity column followed a Superdex G-75 column. The uniformly 15 N/ 13 C labeled proteins were obtained by growing the cells in M9-minimal medium containing 15 NH 4 Cl and 13 C-glucose as the sole nitrogen and carbon sources, respectively.
The peptides of syndecan-2 cytoplasmic domain (S2CD, 32 residues RMRKKDEGSYDLGERKPSSAAYQKAPTK EFYA) and the C-terminal peptide (S2CP, TKEFYA) were chemically synthesized (SciLight Biotechnology, LCC.) and their purities were >96% checked by HPLC and mass spectroscopy.
NMR Spectroscopy
Samples for NMR experiments contain 1~1.5 mM 13 C and 15 N-labeled protein and 50 mM potassium phosphate buffer at pH 6.0, 90%H 2 O/10%D 2 O, 0.01% sodium 2,2-dimethylsilapentane-5-sulfonate (DSS), and 0.01% NaN 3 . The samples also contain 50mM L-amino acids Arg and Glu for improving the solubility and stability [11] .
All NMR experiments were carried at 293 K on a Bruker Avance 500 MHz spectrometer with a triple resonance cryoprobe. The NMR experiments for 1 15 N NOESY-HSQC and 13 C NOESY-HSQC for aliphatic regions and aromatic regions. All NMR spectra were processed and analyzed using NMRPipe [12] and NMRView [13] respectively. Proton chemical shifts and 15 N and 13 C chemical shifts were referenced to internal DSS and indirectly to DSS respectively.
Initial structures of the synbindin atypical PDZ domain were generated using CYANA with restraints from the CANDID module [14] . These initial structures were then used as filter models for SANE [15] to obtain further NOE assignments, and the new distance restraints were then used for another round of CYANA calculation. Dihedral angle restraints and hydrogen bond restraints were also used for the structure calculation. Dihedral angle restraints were obtained using TALOS [16] while hydrogen bond restraints were added according to the secondary structures predicted based on chemical shifts and NOEs. When the lowest CYANA target function value was smaller than 0.5 Å 2 and the number of NOE violations was less than 5, a total of 200 structures were calculated using CYANA and the 100 structures with the lowest target function values were selected for refinement with AMBER 7 [17] . Again, SANE was used to assist NOE assignment. The final 20 structures with lowest AMBER energy were selected from 100 refined structures. The quality of the structures was analyzed with MOLMOL [18] and PROCHECK-NMR [19] . Restraints and structure statistics of the synbindin atypical PDZ domain are listed in Table 2 .
The interactions between the synbindin atypical PDZ domain and the S2CD or S2CP were detected by monitoring the chemical shift changes of the 1 H-15 N HSQC spectra of 0.4 mM 15 N labeled atypical PDZ domain titrated with the synthesized S2CD or S2CP. Powder of peptides was added to the APD solution to a proper molar ratio.
Protein Data Bank Accession Codes
The atomic coordinates of synbindin APD have been deposited in the RCSB Protein Data Bank with the accession codes 2JSN. The chemical shift assignments of APD have been deposited in the BioMagResBank with the accession code 15370.
RESULTS AND DISCUSSION
Solution Structure of Synbindin APD
The 1 H-15 N HSQC spectrum of synbindin APD displays well-dispersed NMR spectra (Fig. 1A) . After the assignments of almost all the peaks in the 1 H- 15 N HSQC spectrum obtained, we found that several residues in APD (residues 28, 29, 36-39, 54-58, 97) did not show detectable peaks in NMR spectra. Most of these residues are either totally disordered or with side-chain invisible in the crystal structure of synbindin. These regions in APD are likely to be mobile both in solution and in the crystal. Based on the assignments and constraints obtained from NOE experiments, the structure of APD was determined to high quality ( Fig. 1B and Table 1 ).
The APD structure consists of six -strands and onehelix (Fig. 1C) . As see in canonical PDZ domains, the sixstrands form a -barrel with the -helix ( 1 P ) located on one side of the -barrel. The structural similarity between the APD and other PDZ domains is confirmed by structural similarity searches in the Protein Data Bank (PDB) by DALI [20] and SSM [21] . The PDZ domains (PDZ1 and PDZ2) of syntenin [22] and the first PDZ domain of NHERF (Na + /H + exchange regulatory factor) [23] came out as having the closest structural similarities in the search. The overall RMSD (root mean square deviation) is larger than 2.5 Å between the APD and the three most similar PDZ domains, in contrast to ~ 1 Å between any pairs of the three canonical PDZ domains, indicating that the APD of synbindin is a rather unusual PDZ domain. Specifically, the APD of synbindin lacks the A helix found in all known canonical PDZ domains. In contrast to canonical PDZ domains, the 3 P / 4 Pconnecting sequence in the synbindin APD is very short (10 residues) and are largely flexible (Supp. Fig. 1 ). The only helix 1 P of the APD corresponds to the B helix in the canonical PDZ domain (Supp. Fig. 1) . However, the 1 P of APD is significantly shorter (6 residues) than those in majority of PDZ domains with known structures, although several PDZ domains with slightly short B helix are also observed (e.g., PDZ2 of X11 and PDZ2 of syntenin). The position of the first residue in the 1 P of APD is miss-aligned for binding to the amino acid residues at the -2 position of canonical PDZ-binding carboxyl peptide. Canonical PDZ domains contain a signature motif with "Gly--Gly-" sequence (' ' standing for a hydrophobic residue) in the A and B loop (corresponding to the 1 P and 2 P loop in the APD) (Supp. Fig. 1B ) [24] . The second Gly in the "Gly--Gly-" motif is one of the most conserved residue in PDZ domains and is absolutely required for PDZ domains to bind its targets [25] . In APD, the second Gly in this signature motif is replaced by an Asp residue (Supp. Fig. 1 ). Taken together, the atypical structural features of APD lead a prediction that the APD of synbindin may not function as a carboxyl peptide binder.
In addition, although with low sequence homology, the structure based sequence alignment shows some conserved hydrophobic residues between the APD of synbindin and other PDZ domains throughout the amino acid sequence (Supp. Fig. 1) . These hydrophobic residues interdigitate to form a hydrophobic core, which should be essential for stabilizing the PDZ fold. The result gives out a strong explanation of a character of PDZ domains, the divergence sequence similarity with the conservation PDZ fold accordingly.
Interactions Between Synbindin APD and Syndecan-2 by NMR Titration
Since syndecan-2 interacts with other PDZ-domain proteins by the C-terminal peptide EFYA, we titrated APD by a synthesized syndecan-2 C-terminal peptide (S2CP) TKEFYA. However, no significant chemical shift change was observed in the 1 H-15 N HSQC spectra (Supp. Fig. 2) . It suggests that the APD does not bind with the S2CP, or bind with a very low affinity beyond the NMR detection. This is in agreement with the APD features of lacking key structural elements to binding a carboxyl peptide.
The observation that APD do not bind S2CP raised the question that how syndecan-2 interact with synbindin. We further titrated synbindin APD by the syndecan-2 cytoplasmic domain (S2CD), the C-terminal 32-residues peptide. Some peaks were shifted in the 2D 1 H-15 N HSQC spectrum of 15 N labeled APD ( Fig. 2A) , indicating that the APD binds with the S2CD in vitro. The most significant shifted NH peaks are from four residues, His43, Asp44, Glu45, and Leu48, which are all located on the -hairpin formed by 2 P and 3 P (Fig. 2B) , and the nearby residues also have small shifts (Fig. 2A) . This binding region of APD with S2CD is different from the typical binding site on PDZ domain with a carboxyl peptide (Fig. 2B) . These results suggest that the APD interacts with an internal sequence of the S2CD but not the "EFYA" tail. In addition, comparing with the affinity of syntenin PDZ domains and its ligand "TNEFYA" [26] , the interactions between the APD and the S2CD are rather weak because of fewer NH signals affected and smaller chemical- shift changes. With 0.4 mM APD, the S2CD:APD molar ratio reached to 4:1 can not saturate APD. Although further titration with higher S2CD concentrations is difficult because of the solubility, our NMR data indicated a weak binding with a K D value larger than 1 mM.
Biological Implications of the Unique Binding Mode of the APD for Syndecan-2
As one of the most abundant protein module in eukaryotic genomes, PDZ domains act on protein targeting and protein complex assembly [27] . The interaction modes between PDZ domains and their ligands have been extensively studied [24, 27] . The most prevalent bind mode of PDZ domains is to recognize a short peptide (less than 10 amino acid residues) situated at the extreme carboxyl terminus of a target protein. The key determinants of PDZ-binding carboxyl peptides are the residues at the 0 position (denoting the very last amino acid residue) and at the -2 position (the second residue N-terminal to the residue at the 0 position). The carboxyl group of the residue at the 0 position binds to the signature "Gly--Gly-"-motif by forming hydrogen bonds with its backbone amides. In addition, the side-chain of the residue 0, which is often hydrophobic, inserts into the hydrophobic pocket formed at the one end of the B and B groove (corresponding 1 P and 2 P in the APD). The sidechain of the residue at the -2 position interacts specifically with the first residue of B, and this interaction largely determines the binding specificity between PDZ domains and its targets.
Synbindin was discovered as a syndecan-binding protein by interacting with the S2CD of syndecan, and the carboxyl "EFYA" sequence of syndecan-2 was shown to be essential for binding to synbindin [9] . Structural studies of synbindin and TRAPP subcomplex [28] reveled that synbindin contains a PDZ-like domain, the APD. However, in APDs of synbindin homologues, the "Gly--Gly-"-motif was replaced by a conserved h-Asp-h motif ('h' standing for a hydrophobic residue) (Fig. 3 and Supp. Fig. 1) . Detailed structural analysis in previous [28] and current studies indicated that the APD lacks most important structural features for carboxyl peptide binding, and was suggested to be a proteinbinding module interacting with an internal segment of a protein. This prediction was supported by our NMR based titration experiments, which show that the APD could only interact with the intact S2CD, but not with the S2CP (TKEFYA). The previous study reported that the syndecn-2 EFYA tail is essential for the synbindin APD binding, and therefore they concluded that APD interact with the syndecan-2 EFYA tail [9] . However, after the structure of synbindin was solved, we found that the APD used in previous study (residue number > 50 in human synbindin, Fig. 3 ) lacks the first two -strands and part of the third -strand of the APD [9] , while the second -strand and the loop between the first two -strands are the typical carboxyl-peptide bind- ing site of PDZ-domains. Therefore, previous results are probably artifacts caused by the large change of protein surface and structure because of the missing ~1/3 part of the APD. Nevertheless, our data indicates the interaction between APD and syndecan-2 has a unique binding mode uncharacterized previously.
Although synbindin is one component of TRAPP complex, it may also have physiological role outside the complex. It is interesting to note that the APD is absent in Trs23, the yeast homolog of synbindin, suggesting that the function of the APD is unique in multicellular eukaryotes (Fig. 3 ) [28] . Consistent with this notion, syndecan, a glycoprotein plays essential roles in cell adhesion and cell-cell signaling, does not exist in yeast. The APD domain in TRAPP I subcomplex structure have the freedom to move relative to the rest of the subcomplex [28] . In synbindin, APD inserted into a login domain (LD) sequence and make the longin domain into two parts: LD N and LD C . Analyzing sequences of the APDs from different organisms shows that the residues connecting the APD and LD C or APD and LD N s are both highly conserved prolines (Fig. 3) , which may link with the large mobility of the APD. This mobility of the APD may be important for functional synbindin so that being retained during evolution. The interactions between synbindin APD and syndecan-2 reported here give the experimental evidences of the metazoan-specific protein-binding mode and may provide potential roles of synbindin outside the TRAPP complex.
